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LQYHVWLJDWHG7KH UHVXOWV VKRZHG WKDW WKH WHQVLOH SURSHUWLHV RI FRPSRVLWHVZLWK VXFFHVVLYH WUHDWHG ILEHU DW KLJKHU ILEUH ORDGLQJ
ZHUHEHWWHUWKDQWKRVHRIFRPSRVLWHVZLWKXQWUHDWHGILEHU7KHFRPSRVLWHZLWKVXFFHVVLYHO\WUHDWHGMXWHILEUHDW1D2+DQG
+2 ZLWK  ILEHU ORDGLQJ KDV VKRZQ  LQFUHDVH LQ WHQVLOH VWUHQJWK WKDQ WKDW RI QHDW 3/$ DQG XQWUHDWHG MXWH3/$
FRPSRVLWH7KH WHQVLOH PRGXOXVRIFRPSRVLWH ZLWK1D2++2 WUHDWHGILEHUVDWKLJKHUILEUH ORDGLQJ ZDV  DQG
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FRPSRVLWHVZHUHVWXGLHG XVLQJ6(0PHWKRG
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DQGUHQHZDELOLW\DUHWKHHQYLURQPHQWDOEHQHILWVRIIHUHGE\ELRSRO\PHUV3/$LVRQHRIWKHELRGHJUDGDEOHSRO\PHUV
ZKLFK KDYH UHFHLYHGPXFK LQWHUHVW 7DR HW DO %LRFRPSRVLWHV DUH XVXDOO\ IDEULFDWHGZLWK ELRGHJUDGDEOH
QRQELRGHJUDGDEOHSRO\PHUVDVPDWUL[DQGQDWXUDOILEUHVDVUHLQIRUFHPHQW0DQ\OLJQRFHOOXORVLFILEUHVVXFKDVMXWH
KHPSVLVDODEDFDHWFDUHXVHGDVUHLQIRUFHPHQWIRUELRGHJUDGDEOHELRFRPSRVLWHVEHFDXVHRIWKHLUJRRGPHFKDQLFDO
SURSHUWLHV DQG ORZ VSHFLILFPDVV 3/$ LV SURGXFHG IURP UHQHZDEOH DJULFXOWXUDO UHVRXUFHV DQG LV OLQHDU DOLSKDWLF
WKHUPRSODVWLFSRO\HVWHU .XPDUHWDO*XSWDHWDO3/$KDVSURSHUWLHV WKDWDUHFRPSHWLWLYH WRPDQ\
FRPPRGLW\ SRO\PHUV HJ 33 3( 39& 36 VXFK DV KLJK VWLIIQHVV FODULW\ JORVV DQG 89 VWDELOLW\ 3/$ LV
FRPPRQO\SURGXFHGE\WZRPHWKRGV6XSUDNDVHWDO*XHWDO,WFDQEHFRPPRQO\V\QWKHVL]HGE\ULQJ
RSHQLQJSRO\PHUL]DWLRQRIODFWLGH3/$PD\DOVREHSURGXFHGE\GLUHFWSRO\FRQGHQVDWLRQRIODFWLFDFLG/DFWLFDFLG





-XWH EDVW ILEHU LV REWDLQHG IURP WKH EDUN RI MXWH SODQW DQG KDV WKUHH PDLQ FDWHJRULHV RI FKHPLFDO FRPSRXQGV
VSHFLILFDOO\FHOOXORVHaKHPLFHOOXORVHaDQGOLJQLQaDQGVRPHRWKHUVPDOOTXDQWLWLHVRI
FRPSRQHQWVOLNHIDWVSHFWLQVDTXHRXVH[WUDFWVHWF-XWHILEHUKDVVPDOOXQLWVRIFHOOXORVHZKLFKLVVXUURXQGHGDQG












$ONDOLQH WUHDWPHQWRUPHUFHUL]DWLRQ LVRQHRI WKHPRVWXVHGFKHPLFDO WUHDWPHQWVRIQDWXUDO ILEHUVZKHQXVHG WR
UHLQIRUFHWKHUPRSODVWLFVDQGWKHUPRVHWV/LXHWDO  7KHLPSRUWDQWPRGLILFDWLRQGRQHE\DONDOLQHWUHDWPHQWLV
WKHGLVUXSWLRQRIK\GURJHQERQGLQJLQWKHQHWZRUNVWUXFWXUHWKHUHE\LQFUHDVLQJVXUIDFHURXJKQHVV /LHWDO




+\GURJHQSHUR[LGH LV XVHIXO IRU EOHDFKLQJ FHOOXORVHPDWHULDOV EHFDXVH WKHR[LGDWLYHGDPDJH WR WKHPDWHULDO LV
XVXDOO\ YHU\ OHVV 0RGLEER HW DO %OHDFKLQJZLWK+2 SXULILHG UHPRYHVZD[ IDWW\ VXEVWDQFHV DQG
OLJQLQ 7KH VWXGLHV RI<XVRII HW DO  DQG 0RUV\OHLGH ) 5RVD HW DO  VSHFLILHG WKDW DONDOL WUHDWPHQWV
FKDQJHV WKHFRORXURI ILEHUV IURPEURZQWR GDUNEURZQDQGEOHDFKLQJZLWK+2 SURGXFH\HOORZLVKEURZQ ILEHUV
LQGLFDWLQJ WKDW H[SHFWHGPRGLILFDWLRQPLJKW KDYH DFKLHYHG ,WZDV DOVR VWDWHG WKDW WKH TXDOLW\ RI ILEHUV SURGXFHG
XVLQJ SHUR[LGH FDQ EH VWRUHG IRU ORQJ WLPH %OHDFKLQJ ZLOO UHPRYH QRQ FHOOXORVLF VXEVWDQFHV OLJQLQ ZLWKRXW
VLJQLILFDQWO\ YDU\LQJ WKH H[WUDFWHG ILEHUV 7KH HIIHFW RI VXFFHVVLYH WUHDWPHQW ZLWK 1D2+ DQG +2 YDU\LQJ
FRQFHQWUDWLRQVRIERWKRQFRPSRVLWHVWUHQJWKZDVSUHVHQWHGE\*KDOLHWDO
7KHRXWFRPHVRI1D2+ WUHDWPHQW DW YDULRXV FXULQJ WLPHV DQG FXULQJ WHPSHUDWXUHVZHUH VWXGLHGE\5D\ HW DO
7KH VWXG\ VWDWHG WKDW WKH GURS RI OLQHDU GHQVLW\ RI WKH ILEUHVZKHQ WUHDWHG EHWZHHQ  DQG  K GXH WR WKH
FUHDWLRQ RI YRLGV LQ WKH ILEUH VWUXFWXUH WKH VWUDQGV EHFDPHZHOO VHSDUDWHG DQG GLVSHUVHG7KH FU\VWDOOLQLW\ RI WKH
ILEUHVZDVREVHUYHGWREHLQFUHDVHGRQO\DIWHUKWUHDWPHQW7KHPRGXOXVRIWKHMXWHILEUHVLQFUHDVHGE\DWK
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RIWUHDWPHQWDIWHUZKLFKWKHLQFUHDVHZDVE\DQGZKHQWUHDWHGIRUDQGKUHVSHFWLYHO\
7KH HIIHFW RI ILEHU OHQJWK RQPHFKDQLFDO SURSHUWLHV RI WKH FRPSRVLWH ZDV SUHVHQWHG E\ 5DVKHG HW DO 
$ORQJZLWKKROGLQJWKHILEHUVWRJHWKHU WKHPDWUL[KDVWKHFKLHIIXQFWLRQRIWUDQVIHUULQJDSSOLHGORDGWRWKHILEHUV
)DLOXUHRIVSHFLPHQWDNHVSODFHPD\EHGXHWRLQVXIILFLHQWOHQJWKRIILEHUIRUVWUHVVGLVWULEXWLRQ$Q RSWLPXPOHQJWK
RI PP ZDV FRQVLGHUHG IRU SUHVHQW H[SHULPHQWDWLRQ 7KH HIIHFW RI ILEHU ZHLJKW IUDFWLRQ DQG FRQFHQWUDWLRQ RI
DONDOLQH PHGLXP IRU VXUIDFH PRGLILFDWLRQ RI ILEHU RQ PHFKDQLFDO SURSHUWLHV RI )53 FRPSRVLWHV ZHUH VWXGLHG
E\+$QXDUHWDO 1RUVKDKLGDVDULIXGLQHWDO 'PLWUL6KXPLJLQHWDO 5RQJ HWDO +XGD
HWDO 6RHQJ2N+DQ HWDO =KDRTLDQ/LHWDO  DQG5XLKXD+XHWDO 
7KHSUHVHQW VWXG\ DLPV DW GHYHORSLQJ DQG FKDUDFWHUL]LQJELR FRPSRVLWHV UHLQIRUFHGZLWK VXUIDFHPRGLILHG MXWH
ILEHUZLWKVXFFHVVLYHWUHDWPHQWVRQLW &RPSRVLWHV ZLWK YDULHG ZHLJKW IUDFWLRQ RI ILEHU DQG DOVR YDULHG
FRQFHQWUDWLRQRI1D2+LQVXFFHVVLYHDONDOLWUHDWPHQWZHUHIDEULFDWHGXVLQJLQMHFWLRQPROGLQJ(YHQWKRXJK DYHU\
ODUJHTXDQWLW\RIZRUNKDVEHHQSXEOLVKHGRQYDULRXVQDWXUDOILEHUVDQGLWVFRPSRVLWHVDQHIIRUWKDVEHHQPDGHLQ




7KH VHPL UHWWHG MXWH ILEHUVZHUH SXUFKDVHG IURP WKH ORFDOPDUNHW DW9LMD\DZDGD FLW\ ,QGLD$TXHRXV1D2+



















6WDQGDUG7KH VDPSOHVZHUH DLU FRROHG DW URRP WHPSHUDWXUH DQG SUHSDUHG IRU WHQVLOH WHVWLQJ DFFRUGLQJ WR$670
VWDQGDUG
7HVWLQJRIWKHFRPSRVLWHV
7HQVLOHWHVWVZHUHFRQGXFWHGDFFRUGLQJWR$670'XVLQJD WRQFDSDFLW\  (OHFWURQLF7HQVRPHWHU0(70




7KHPRUSKRORJ\ RI WKH IUDFWXUHG VDPSOHV DIWHU WHQVLOH WHVWLQJ ZDV H[DPLQHG XVLQJ =HLVLV (920$ VFDQQLQJ









%HIRUH%OHDFKLQJ $IWHU%OHDFKLQJ %HIRUH%OHDFKLQJ $IWHU%OHDFKLQJ
:LWKRXWWUHDWPHQW    
1D2+7UHDWPHQW    
1D2+7UHDWPHQW    
1D2+7UHDWPHQW    
7KHSUHYLRXVUHVHDUFK E\ 5DMHVKHWDO KDVUHYHDOHGWKDWWKHDONDOLWUHDWPHQWFKDQJHGWKHFRORXURIILEHUV
IURPEURZQWRGDUNEURZQDQGEOHDFKLQJZLWK+2 SURGXFHG\HOORZLVKEURZQILEHUVLQGLFDWLQJWKDW WKHH[SHFWHG
PRGLILFDWLRQVLHOLJQLQZD[DQGIDWW\VXEVWDQFHV ZHUHUHPRYHG)URPWKHWDEOHLWLVVHHQWKDWWKHILEUHWUHDWPHQW
ZLWK1D2+KDV UHGXFHG WKH ILEUHGLDPHWHU E\DQGZHLJKW KDV UHGXFHGE\7KLV LV GXH WR UHPRYDO RI
FHPHQWLQJPDWHULDOVOLNHOLJQLQSHFWLQDQGKHPLFHOOXORVHVSUHVHQWLQWKHFHOOZDOO)XUWKHUEOHDFKLQJZLWK +2 KDV
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   
:HLJKWRIILEHUV    
:HLJKWRIILEHUV    
 7HQVLOHSURSHUWLHVRIMXWH3/$FRPSRVLWHV
)LJXUH VKRZV WKHYDULDWLRQRI WHQVLOH VWUHQJWK IRUGLIIHUHQW W\SHVRIFRPSRVLWHVDJDLQVWZHLJKWSHUFHQWDJHRI
ILEUHVDQGDOVRZLWKW\SHRIFKHPLFDOWUHDWPHQWRQWKHILEUH)URPWKH ILJXUH LWZDVREVHUYHGWKDWWKHWHQVLOHVWUHQJWK
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RIXQWUHDWHGILEUHUHLQIRUFHG3/$ FRPSRVLWHZDVOHVVFRPSDUHGWRSODLQ3/$,WLVDOVRVHHQWKDWWKHWHQVLOHVWUHQJWK





7KH LPSRUWDQW PRGLILFDWLRQ GRQH E\ DONDOLQH WUHDWPHQW LV WKH GLVUXSWLRQ RI K\GURJHQ ERQGLQJ LQ WKH QHWZRUN
VWUXFWXUH WKHUHE\ LQFUHDVLQJ VXUIDFH URXJKQHVV7KLV WUHDWPHQW UHPRYHV D FHUWDLQ DPRXQW RI OLJQLQZD[ DQG RLOV





GHJUDGDWLRQ RI WKH H[WUDFWHG ILEUHV 7KH +2 EOHDFKLQJ UHVXOWHG LQ D FRQVLGHUDEOH GHFUHDVH LQ WKH OLJQLQ ZKHQ
FRQFHQWUDWLRQRI+2 LV LQFUHDVHG*KDOLHWDO7KLV WUHDWPHQW UHVXOWHG LQ VPRRWK FRPSDFWDQGFOHDQ ILEUH
VXUIDFHV




WR WKH UHGXFWLRQ LQ WKH HIIHFWLYH FURVV VHFWLRQDO DUHD RI WKH FRPSRVLWHV ZKLFK LV FDXVHG E\ WKH ILEUH SDUWLFOHV
VDULIXGLQHWDO ,WLVVWDWHGE\ 7DRHWDO  WKDW WKH GLVVLSDWLRQRIILEHULQWKH3/$PDWUL[EHFRPHV EDG
ZKHQPXFKILEUHLVDGGHG
)URPILJXUHLWZDVREVHUYHGWKDWWKHDGGLWLRQRIZHLJKWRIILEUHVWR3/$PDWUL[KDVGUDVWLFDOO\UHGXFHG
WKH HORQJDWLRQ DW EUHDN E\  7KLV PD\ EH GXH WR WKH IDFW WKDW ILEUH LQFRUSRUDWLRQ LPSDUWV ULJLGLW\ DQG
UHVWUDLQV WKHGHIRUPDWLRQRQ WKHPDWUL[ ZKLFKPD\ OHDG WRXQDYRLGDEOHGHFUHDVH LQ WKHGHJUHHRIGXFWLOLW\RI WKH
PDWHULDODQGDOVRGXHWREDGGLVSHUVLRQRIILEHULQWKHPDWUL[ 7DRHWDODQG VDULIXGLQHWDO
)URP WKH ILJXUH  LW ZDV VHHQ WKDW ZLWK LQFUHDVH LQ WKH ILEHU ORDGLQJ DQG 1D2+ FRQFHQWUDWLRQ LQ WKH ILEUH
WUHDWPHQW WKHUH ZDV D VLJQLILFDQW LQFUHDVH XS WR  LQ WKH WHQVLOHPRGXOXV 6XFK EHKDYLRXU PD\ EH H[SHFWHG
EHFDXVHWKHPRGXOXVRIFRPSRVLWHGHSHQGVRQWKHPRGXOXVRIERWKPDWUL[DQGUHLQIRUFHPHQW6LQFHWKHPRGXOXVRI
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)LJ (IIHFWRIILEHUORDGLQJDQGFRQFHQWUDWLRQRIFKHPLFDOWUHDWPHQWRIILEHURQVSHFLILFWHQVLOHPRGXOXVRI3/$FRPSRVLWHV
)URPILJXUHV	 LWLVREVHUYHGWKDWWKHFKDQJHLQVSHFLILFWHQVLOHVWUHQJWKDQGPRGXOXVRIWKHFRPSRVLWHKDV
IROORZHG WKH VDPH WUHQG DV WHQVLOH VWUHQJWK DQGPRGXOXV DV VKRZQ LQ WKH ILJXUH 	  UHVSHFWLYHO\7KHUH LV DQ
LQFUHDVH LQ WKH VSHFLILF WHQVLOH VWUHQJWK RI  DQG VSHFLILFPRGXOXV RI  IRU FRPSRVLWHZLWK 1D2+
FRQFHQWUDWLRQ LQ WKH WUHDWPHQWRI ILEHUZLWKILEHU ORDGLQJFRPSDUHG WRSODLQ3/$7KHVSHFLILFSURSHUWLHVDUH
FDOFXODWHGDVWKHUDWLRRIWKHUHVSHFWLYHVWUHQJWKPRGXOXVLQ03DWRWKHPDVVGHQVLW\LQ.JP RIWKHFRPSRVLWH
 6(0FKDUDFWHUL]DWLRQRIIUDFWXUHGVXUIDFH
6(0 LPDJHV RI WHQVLOH IUDFWXUHG VXUIDFHV RI XQWUHDWHG DQG VXFFHVVLYH WUHDWHG MXWH ILEHU UHLQIRUFHG 3/$
FRPSRVLWHVZHUH VKRZQ LQ ILJ 7KH IUDFWXUHG VXUIDFHRI XQWUHDWHG ILEHU UHLQIRUFHG3/$FRPSRVLWH ILJD KDV
VKRZQODUJHILEHUSXOORXWVZKLFK LVDQLQGLFDWLRQRISRRUILEHUPDWUL[DGKHVLRQ ,WFDQDOVREHREVHUYHGIURPWKH
ILJXUHWKDWWKHUH LV QRPDWUL[DGKHUHGWRWKHSXOOHGRXWILEHUZKLFKLVDVLJQRILQFRPSDWLELOLW\EHWZHHQ PDWUL[DQG
ILEHU )URP ILJXUH F LW LV VHHQ WKDW VXFFHVVLYH DONDOL WUHDWHG ILEHU DW  1D2+ FRQFHQWUDWLRQ FRPSRVLWH
H[KLELWHG ILEHU EUHDNDJH UDWKHU WKDQ SXOORXW ZKLFK VKRZV WKH EHWWHU VWUHVV WUDQVIHU EHWZHHQ ILEHU DQG PDWUL[
([FHVVLYH DPRXQW RI1D2+ FRQFHQWUDWLRQ KDV OHG WR ILEHU GDPDJH OHDGLQJ WR ZHDN ERQGLQJZLWKPDWUL[ DQG QR
VWUHVVWUDQVIHUWDNHVSODFHEHWZHHQILEHUDQGPDWUL[7KLVLVREVHUYHGIURPWKHWHQVLOHIUDFWXUHGVXUIDFH RIFRPSRVLWH
VKRZQLQILJXUH G7KHORZHUFRQFHQWUDWLRQVRI1D2+LQWKHILEHUWUHDWPHQWPD\QRWUHPRYHPXFK OLJQLQDQG
IDWW\ DFLGV IURP WKH ILEHU VXUIDFH OHDGLQJ WR SRRU LQWHUDFWLRQ RI ILEHU ZLWK PDWUL[ ZKLFK OHDGV WR IDLOXUH RI WKH
FRPSRVLWH )LJ E
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)LJ  6(0 LPDJHV RI WHQVLOH IUDFWXUHG VXUIDFHV RI YDULRXV FRPSRVLWHV ZLWK GLIIHUHQW ILEHU FRQGLWLRQVDW  ZHLJKW RI ILEHU ORDGLQJD
&RPSRVLWHZLWKXQWUHDWHGMXWHILEHU E FRPSRVLWHZLWKVXFFHVVLYHDONDOLWUHDWHGDW1D2+FRQFHQWUDWLRQMXWHILEHU F FRPSRVLWHZLWK







x 7KLV VWXG\ UHYHDOHG WKDW VXFFHVVLYH DONDOL VXUIDFH WUHDWPHQW LPSURYHG WKH FRPSDWLELOLW\ RI MXWH ILEHU DQG3/$
PDWUL[DQGHIIHFWLYHVWUHVVWUDQVIHUEHWZHHQILEHUVDQGPDWUL[ZKLFKLVHYLGHQFHGIURPWKH6(0VWXG\
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WKHQGHFUHDVHGZKHQWKHFRQWHQWRIILEHULVRYHU7KHPD[LPXPWHQVLOH VWUHQJWKZDV DWWDLQHGIRU FRPSRVLWH
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